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Abstract:
Heat recovery in industrial processes has become important for reducing carbon emissions. This pa-
per investigates the possible heat recovery in the batch annealing furnace (BAF), which is a process
where steel is heated up to a temperature of around 700 ◦C and subsequently cooled down to room
temperature. In a typical steel producing company multiple annealing furnaces are used. In order to
allow heat recovery to happen, a heating network is designed and modeled such that heat can be
transferred from one batch, which is cooling down, to another, which is heating up. First, a theoret-
ical analysis is performed on the maximal possible heat exchange between two furnace bases. The
results indicated that 19 % of the heat needed for heating steel coils can be recovered. Secondly, the
influencing factors for the energy recovery and the temperature in the network are discussed with a
sensitivity analysis. Lastly, a storage capacity is calculated based on a real life two week scenario in
order to maximize heat recovery. The annual energy recovery of the network is 1.58 GWh. Which
means that between 307 ton - 1.4 kton (depending on which fuel is used) CO2 emissions per year
and 34.000 euro fuel cost can be saved. However savings on the fuel cost, are potentially not high
enough to compensate for the high investment cost.
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1. Introduction
Climate change is one of the greatest challenges humanity has ever faced. To tackle the climate
problem, the European Union (EU) has set goals for the future. An important goal is an 80 - 90 %
reduction in greenhouse gas emissions (GHG) [1, 2]. The steel and iron industry is responsible for
3.7 % of the global greenhouse gas (GHG) emissions in Europe [3] and part of the emission trading
system of the EU [4]. Therefore they are expected to contribute to a reduction in GHG emissions,
which could be achieved by reducing the steel demand, increasing the amount of recycled steel,
innovating in the steel production technologies or increasing the efficiency of the steel processes [5].
Increasing the efficiency can be done by recuperating heat from a process. One of the processes to
manufacture steel is the batch annealing furnace (BAF), where heat is wasted to the environment.
This paper investigates the possibility of heat recovery on the BAF to reduce the GHG emissions.
The heat recovered can be used in the process itself. Therefore a heating network is modeled and
developed in Python (version 3.7), with as heating source and sink the batch annealing process itself.
In the batch annealing process 2 to 6 coils of steel are stacked vertically, together they form one batch.
Between the coils convector plates are placed, which enhance the heat transfer between the steel coils.
A protective cover is put around the coils, such that an inert atmosphere is created. Inside the protec-
tive cover an inert gas mixture, HNX, consisting of nitrogen (92.5 %) and hydrogen (7.5 %) is used.
On Figure 1 the components of the batch annealing process are shown. Annealing is necessary to
obtain again plastic deformation, which disappeared during cold rolling. Annealing consists of three
consecutive steps: heating up, keeping a constant temperature and cooling down. Figure ?? shows the
temperature of a specific steel batch and the surrounding inert gas during annealing. First, a movable
Figure 1: Components of the batch annealing furnace [11]
furnace is placed on top of the protective cover for heating up the steel coils to a specific temperature,
which is on average 700 ◦C. Subsequently, the steel coils stay on this temperature to change the steel
properties on a microscopic level. Lastly, when annealing is finished the furnace is removed and the
coils can cool down. The curve represented in Figure ?? is called a heating curve. The maximum
temperature and duration of a heating curve depends on the mass and width of the steel coils. So
every batch will have a slightly different heating curve. To keep calculations easy, only the heating
curve in Figure ?? will be used in the next sections, unless otherwise specified.
To enhance the cooling of the steel coils two extra units are installed: a cooling cover and a heat
exchanger. The first unit is placed on top of the protective cover 15 minutes after the furnace is re-
moved. The ventilator right at the top circulates cold surrounding air and enhances cooling. The
second unit is found under the furnace base (in the cellar) and cools down the gas with cooling water.
From the protective cover the inert gas gets drained away to the heat exchanger and thereafter goes
back to the protective cover.
2. Methodology
To transfer heat between the batches a heat transfer fluid is necessary. In the cooling phase the
fluid is heated from a chosen minimum working temperature (x) to a chosen maximum working
temperature (y) and in the heating phase it is cooled down from y to x. A good heat transfer fluid
must fulfill certain requirements: a high specific heat capacity, thermal stability and compatibility
with its containment [7]. Thermal oil is chosen as it has high working temperatures (up to 380 ◦C)
and low operating pressures. However, extra safety measures must be taken to minimize fire risks [8].
A direct heat exchange between 2 batches can only happen when one is cooling down, while the other
is heating up. So for calculation purposes the heating curve of a batch is shifted relative in time to the
heating curve of another batch. It is assumed that the batches have an equal mass and width of steel
coils and thus also the same heating curves. On Figure?? the orange curve is shifted 36 hours relative
to the blue curve. There are two horizontal red lines, which indicate the working temperatures of the
oil. The highest red line represents the maximum working temperature of the oil (y). The lowest
red line represents the minimum working temperature (x). In this case heat is transferred from the
blue curve to the orange curve for the period determined by the green and black lines, which give the
period of cooling (black) and heating (green). The overlap of these periods, is the period in which
heat can be directly exchanged. The amount of heat recovered is then the integration over time of the
cooling powers in between the green lines.
Changing the shift in time and the oil working temperatures, gives a different amount of recovered
heat. On Figure 2 the energy recovery to the total energy needed for heating (%) as a function of
timeshifts is shown for different temperatures of the cold oil. The temperature of the hot oil is taken at
360 ◦C. This is done for safety reasons, because above 380 ◦C the oil will degrade. The consequences
Figure 2: Percentage of energy recovered of the total heat needed for heating up a batch for different cold oil temperatures
and a constant hot oil temperature of 360 ◦C.
Figure 3: Heating network with 3 consumers and 3 producers
of degradation are a reduction in lifetime and deterioration in fluid performance. It can be seen that
the maximum heat recover always occurs at a timeshift of 41 hours. It is also clear that, the higher the
cold oil temperature, the more energy can be recovered. However it is not possible to have an equal
temperatures for the cold and hot oil, therefore the cold temperature is taken at 340 ◦C, which gives a
maximum heat recovery of 19 % of the total necessary heat needed to warm up a batch of steel coils.
2.1. Heating network
After looking at the possible heat exchange, which is maximum 19 %, a heating network is modeled.
A representation of the model is shown in Figure 3. Thermal oil flows through the network, which
consists of a part at a lower temperature (blue) and a part at a higher temperature (red). This network
contains heat exchangers, 2 pumps, 2 supply lines and 2 return lines.
This network connects the furnace bases with each other, such that heat can be transferred from one
batch to another. Every batch can either be a consumer or a producer. A batch is a consumer when it
is heating up and heat is transferred from the hot side of the network to the inert gas in the protective
cover. When the batch is cooling, it is called a producer and heat is given from the inert gas to the cold
side of the network. However when batches are at the constant temperature phase they are neither a
consumer or producer. The heat transfer between the batches and the heating network happens by
a heat exchanger of the furnace base. Therefore every base is represented as a heat exchanger in
the network. In the current situation every base has already a fin-tube heat exchanger, of which the
geometrical parameters are known, with water in the tubes and the inert gas crossing those tubes
(cross-flow). A model of this heat exchanger is made, which predicts the heat transfer with the ε
- NTU method. The NTU number is the ratio of the thermal conductance UA to Cmin. Cmin will
always be equal to CHNX . The thermal conductance is dependent on the geometry, inner convection
coefficient and outer convection coefficient. The inner convection coefficient is calculated with the
Gnielinski correlation [9] and the outer convection coefficient is based on the correlation from VDI
Heat Atlas [10]. For simplicity this model is used for the heat exchangers in the oil network, with
water replaced by oil. Such that the temperatures of the network and the heat transfer between the
inert gas and oil can be calculated.
The temperature in the supply lines is the inlet temperature of the heat exchangers. The temperature
is equal in the whole supply line, as no mixing of two streams happens there. In the return lines there
is mixing of two streams at every intersection point, also called a node. One stream comes from the
heat exchanger and the other from the previous section in the return line. With the outlet temperature
of the heat exchanger known (given by the heat exchanger simulation), the temperature in all the
nodes can be determined. This results in the end temperature of the return lines TMc and TMp. The
temperature of the nodes is calculated by taking a weighted average of the outlet oil temperature of the
heat exchanger and the temperature in the return line before the node. The formula, given in Equation
1, is written for the right consumers node in Figure 6a. In this equation i represents the nodes in the
return line and j the output of the heat exchangers.
Ti =
m˙i−1 · Ti−1 + m˙j · Tout,j
m˙i−1 + m˙j
(1)
The heating network contains a mass of oil, mv, which circulates in the network. When a particle of
this oil is tracked through the whole network, it will take a certain time before it is again at its starting
point. This time delay is included in the simulation by considering the piping network with an oil
mass mv as a barrel with the same mass. Actually this fictive barrel is the same as a storage tank,
which stores the heat until consumers use it. A control volume of the barrel is drawn in Figure 5. Oil
enters the barrel at a temperature TMc and a mass flow rate m˙c and leaves it at a temperature TB and a
mass flow rate m˙c. The energy rate balance of the barrel is given in Equation 2, which can be solved
to TB. The potential and kinetic effects are neglected and the temperature of the oil is taken uniform
with position (ideal mixing) in the barrel, but changing in time. This modeling approach is chosen as
no lengths of the network are known. It is considered as a good first approach to estimate the saving
in fuel cost and CO2 emissions. In the network the barrel is placed at the start of the producer supply
line (right beneath the pump).
m˙c · cp · TB − m˙c · cp · TMc = mv · cv · dTB
dt
(2)
2.2. Control strategy
The network is controlled by setting a maximum oil temperature of 380 ◦C. The highest temperature
is present in the producers return line, hence TMp is the most critical one and needs to be restricted.
If TMp goes above 370 ◦C, all the producers are disconnected from the network, such that TMp does
not go above 380 ◦C. The mass flow rate through the heat exchangers is not used to control the
temperature, so they are all set to a constant and equal value. So in one timestep, the temperature in
the return lines and the barrel is calculated. If TMp, calculated in the previous time step, is lower than
370 ◦ C, the temperatures of the nodes in the producers return line are calculated with Equation 1.
If not TMp becomes TB, after which TMc is calculated. At the end TB for the next time step can be
determined with Equation 2.
In Figure 9 the temperature of the inert gas for a batch with or without a heating network for the heat-
ing and cooling phase is shown. Clearly the inert gas temperature has a different temporal evolution
in time when a heating network is used. Heating up a batch with burners is much faster then using a
[t]0.45
Figure 4: heating phase
[t]0.45
Figure 5: cooling phase
Figure 6: Comparison of the evolution of the inert gas temperatures during the heating and cooling phase for the conven-
tional process (orange curve) and the new design with a heating network (blue curve)
Table 1: The standard input parameters for the heating network
Time step [min] 10
m˙c [kg/s] 10
m˙ [kg/s] 10
mv [kg] 80000
Tbarrel,o [◦C] 340
heat network, which can be seen in Figure 7. However, the network can be used to preheat the gas for
2 hours before the heaters are turned on. When preheating is extended to above 2 hours, the duration
of the total heating cycle increases. On the other hand cooling with the oil network can be done for 10
hours before it becomes slower then the original cooling without oil. However as a consumer is only
2 hours active, producers will be most of the time disconnected before they have cooled the oil for 10
hours due to the imposed temperature limit of the oil. With the heating network, the cycle time of the
heating curves will be lower, which is economically interesting as more batches can be processed.
2.3. Sensitivity analysis
The influence of the main parameters on the energy recovered in the network is investigated by per-
forming a sensitivity analysis. The sensitivity of the following parameters is discussed: the mass flow
rate of the circuit m˙c, the mass flow rate of a heat exchanger m˙ and the mass of oil in the network
mv. To start a sensitivity analysis, the parameters are set to a plausible, but not yet optimized, value.
Those standard values are given in Table 1. For the sensitivity analysis a network with one furnace
base connected which processes one batch is considered.
[t]0.45
Figure 7: Mass flow rate of the batches
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Figure 8: Mass of oil in the natwork
Figure 9: The energy recovered for a network with one furnace base connected where one batch is processed for varying
network parameters
In Figure 10 the amount of energy recovered as a function of the mass flow rate in the heat exchanger
is shown. When the mass flow rate is higher, more energy can be recovered. By increasing the mass
flow rate the heat exchanger effectiveness (ε) increases, with ε the ratio of Q˙ to Q˙max. ε is dependent
on the ratio Cmin/Cmax, called C∗ and the thermal conductance UA. An increasing mass flow rate,
increases Cmax, while Cmin (always equal to CHNX) will be constant. Hence, C∗ will decrease. UA
increases as the Reynolds number is higher and the heat exchanger geometry fixed. With a lower
C∗ and higher UA, ε will increase. According to Equation 3, Q˙max is approximately the same for
different mass flow rates, because CHNX will always be Cmin and will not change much as the mass
flow rate of HNX is constant. With Q˙max constant and  higher, the heat transfer rate Q˙ in the heat
exchanger is higher. The gain in recovered energy for the consumer is around 0.4 GJ when going
from 5 kg/s to 150 kg/s.This is equal to an extra temperature rise of 8.3 ◦C of the inert gas for a batch
of 70 tons. However, a higher mass flow rate will increase the pumping power.
Q˙max = Cmin · (Thi − Tci) (3)
At the start of the supply lines a mass flow rate m˙c is available. Every furnace base containing
an active (consumer or producer) batch takes up an equal part m˙ from m˙c, what remains from m˙c
bypasses the heat exchangers. Hence m˙c requires a minimal value, depending on the maximal amount
of consumers active (NC) or maximal amount of producers active (Np) at the same time. When the
mass flow rate of the circuit goes above the minimum value, the temperature of the consumers supply
line is lower and the energy recovered by the consumers goes down.
The mass of the network (mv) is in the simulation represented with an oil barrel, as the dimensions
of the network are not known. For different masses, the energy recovered is given in Figure 11. By
increasing the available mass, more energy can be stored for a given temperature increase ∆ T of the
oil in the barrel. When the mass is small, the temperature of the network will change quickly and
TMp decreases quickly. Consequently less energy is recovered. There is a gain of 1 GJ when going
from a mass of 3 tons to 100 tons of oil, which means that the temperature of the inert gas (from a
batch of 70 tons) will be 29 ◦C higher when the oil mass is 100 tons instead of 3 tons. Increasing the
mass beyond 100 tons does not result in an increase of energy recovered because consumers can only
transfer heat for 2 hours to the inert gas, so there is a limit on the amount of energy needed.
2.4. Sizing of the network
Based on a two week production scenario, the optimized sizing values for the energy recovery network
is determined. Real life production data of 20 operating furnace bases is used. During these 2 weeks,
every furnace base will process multiple batches. In total the batches are 99 times a consumer and 99
times a producer.
The mass flow rate through the heat exchangers determines ∆T between the inlet and outlet tem-
perature of the heat exchanger and the heat transfer rate in the heat exchanger. As explained in the
sensitivity analysis, if m˙ increases, ∆T will decrease and Q˙ will increase. For a 2 week scenario
the gain in energy recovered if m˙ is 100 kg/s instead of 5 kg/s is 0.29 GJ, which results in an extra
temperature rise of the inert gas (from a batch of 70 tons) of 8.5 ◦C. However a higher mass flow rate
requires a higher pumping power. The result is that the small gain when going to a higher mass flow
rate is canceled by the increase in pumping power, hence a low mass flow rate of 10 kg/s is chosen.
With a mass flow rate lower then 10 kg/s, the temperature rise in the heat exchanger is high. Therefore
the temperature in the producers return line rises quickly above 370 ◦C and all the producers will be
disconnected.The mass flow rate of the circuit needs to be as low as possible to have a high energy re-
covery, as explained in the sensitivity analysis. However m˙c requires a minimal value, such that every
active producer or consumer can take up its mass flow rate. The maximum amount of consumers or
producers active at the same moment in time is 5 for the consumer and 7 for the producers. With these
numbers the mass flow rate of the circuit can be calculated, as every batch requires the same mass
flow rate m˙ and hence m˙c is 70 kg/s.The higher the mass, the lower the temperature increase when
energy is stored in the mass. In Figure 13 TB is displayed for a mass of 15 tons and 100 tons. There
is a big difference in the minimum TB over time, which is a lot lower for 15 tons. A lower TB gives
a lower supply temperature for the consumers, which has a big effect on the energy recovered by the
consumers. This is shown in Figure 14. So a choice is made to work with a mass of 100 tons, as lower
gives a lower energy recovery and higher gives only a really small extra gain in energy recovered.
2.5. A simulation of 1 year
The given data goes from the first of January to the 22nd of October 2017, which is almost a year.
For this time period a simulation is run with the optimized values for the network parameters, the
resulting energy recovery is 5.681 TJ. Per consumer on average 2.8 GJ is saved, which means that the
inert gas from a batch of 70 tons can be heated from 30 ◦C to 110 ◦C. The total energy a batch needs
for heating up to its maximum temperature is about 25 GJ, which means that 11 % of the needed
energy can be recovered with this heating network instead of the theoretical 19 %. Most of the time
blast furnace gas is used as fuel, which has an emission of 247 kg/GJ CO2 [11], which means that
1.4 kton CO2 emissions per year could be saved. Sometimes the fuel can also be natural gas, which
has a cost of AC 6/GJ in Belgium and a CO2 emission of 54 kg/GJ [11]. If natural gas would be
Figure 10: 2 week simulation of the producers supply line temperature with 20 bases connected to the network
Figure 11: The average recovered energy of one consumer for different values of the mass of oil in the barrel
used for the whole year there is a saving on the fuel costs of AC 34.000 and on the CO2 emissions of
307 ton. An economic analysis is not done, hence the payback period for installing this network is
unknown. However, the network has 20 heat exchangers and a lot of piping is necessary to connect
all the furnace bases. Therefore, the investment cost is probably high. The savings on the fuel cost
are potentially not high enough to compensate for the high investment cost.
3. Conclusion
Waste heat recovery is investigated in the batch annealing process, which is a steel production process
where heat is wasted during cooling of the batches. Using the wasted heat in the same or another
process results in a reduction of carbon emissions. A heating network is designed to transfer the
heat from the heat source(s) to the heating sink(s). The recovered heat will preheat the batches in
the heating phase. Heat will be transferred from batches that are cooling down to batches that are
heating up in the annealing process. The theoretical maximum of heat that can be transferred between
a heating batch and a cooling batch is 19 % of the total necessary heat during annealing. Afterwards
a heating network with Therminol 75 as heat transfer fluid, is modeled. A sensitivity analysis is
performed to see the influence on the energy revovery of every parameter. Based on simulations the
optimized values for the network parameters are determined. The network has a mass flow rate of 70
kg/s and through the heat exchangers flows a mass of 10 kg/s. The network contains 100 tons of oil.
When a simulation of 1 year is done 5.681 TJ can be recovered, which gives an average of 2.8 GJ
per consumer. This is 11 % of the total heat per batch needed for heating. When heat is recovered,
the required amount of fuel during heating of a batch is less. So less fuel will be used and the CO2
emissions decrease. Using the network can avoid 307 ton to 1.4 kton CO2 emissions and the fuel
costs will go down. There is a decrease of AC34.000. However, this is probably not sufficient for
compensating the high investment cost. However, to be sure an economic analysis should be done.
Nomenclature
CHNX W/K Capacity rate of the inert gas
Cmin W/K Minimum capacity rate of the hot and cold fluid in a heat exchanger
cp kJ/kgK Specific heat capacity with constant pressure
cv kJ/kgK Specific heat capacity with constant volume
ε - Effectiveness
m˙ kg/s Mass flow rate of the heat exchanger
m˙c kg/s Mass flow rate of the circuit
mv kg Mass of oil in the network
Nc - Maximum number of active consumers
Np - Maximum number of active producers
NTU - Number of transfer untis
Q˙ W Heat transferred in the heat exchanger
Q˙max W Maximal possible heat transfer in the heat exchanger
TB
◦C Temperature of the barrel
Tc,in
◦C Inlet temperature of the cold fluid in a heat exchanger
Th,in
◦C Inlet temperature of the hot fluid in a heat exchanger
TMc
◦C End temperature of the consumers return line
TMp
◦C End temperature of the producers return line
UA W/K Thermal conductance
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